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' Xbstract 

' ^ 'The proof of principle of the Laser Ion Source Trap (LIST) coupled to a gas cell catcher system has been demonstrated at the 
Leuven Isotope Separator On-Line (LISOL). The experiments were carried out by using the modified gas cell-based laser ion source 
I ^nd the SextuPole Ion Guide (SPIG). Element selective resonance laser ionization of neutral atoms was taking place inside the 
^ cold jet expanding out of the gas cell catcher. The laser path was oriented in longitudinal as well as transverse geometries with 
^ respect to the atoms flow. The enhancement of beam purity and the feasibility for in-source laser spectroscopy were investigated 
in off-line and on-line conditions. 
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CO 1. Introduction 

^' : 

' The laser ion source at the Leuven Isotope Separator 
On-Line (LISOL) facility provides highly-purified beams 
. . of exotic nuclei produced in different types of nuclear re- 
^ actions (ll)-(0)- The operational principle of the laser ion 
source is based on element-selective multi-step laser ion- 
ization of nuclear reaction products which are thermalized 
and neutralized inside a high-pressure noble gas. The es- 
sential part of the laser ion source is the gas cell, which 
is filled with typically 0.5 bar Ar gas and is placed on the 
cyclotron beam axis, whereby most ions from the reaction 
products are neutralized. The neutralized atoms are trans- 
ported by a gas flow towards the exit hole of the cell, where 
the atoms are re- ionized by laser radiations. The highly- 
purified beams are thus realized by separation by Z via 
laser ionization and by A/q at the mass separator. In many 
cases, however, the mass-separated beam contains in addi- 
tion to the isotope of interest, small amounts of isobaric or 
doubly-charged ion contaminants that survive the neutral- 
ization or charge-exchange processes inside the gas cell. For 
studies of /3-j and 7-7 spectroscopy, such contaminants are 
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unwanted background even if those yields are limited. In or- 
der to remove such contaminants, two different approaches 
are under investigation at LISOL: 'the dual-chamber laser 
ion source' (8) and the Laser Ion Source Trap 'LIST'. The 
dual-chamber laser ion source is the subject of a separate 
publication and only the LIST coupled to a gas catcher 
is discussed here. 

The LIST was originally proposed to improve the qual- 
ity of the ion beam from a hot cavity laser ion source (l9). 
This method is also being developed at Jyvaskyla (|iqI) ([i1 ), 
where the LIST is coupled to the IGISOL gas cell catcher 
(12). The concept of the LIST method coupled to a gas 
cell catcher is shown in Fig. 1. The reaction products are 
thermalized and stopped in the buffer gas, subsequently 
neutralized and finally flushed out of the gas cell in a su- 
personic gas jet. The resonance ionization from the laser 
beams takes place in the gas jet leaving the gas cell and the 
photo-ions are captured in the RF-field of the SextuPole 
Ion Guide (SPIG) |l3l )-([l6l) located immediately after the 
gas cell. In order to suppress unwanted ions, a positive DC 
voltage is applied on the SPIG rods to prevent the surviv- 
ing ions that escape the gas cell from entering the SPIG. 
Only the ions that are resonantly ionized by the lasers close 
to the entrance of or inside the SPIG are sent through the 
mass separator. The purity of the beam can be further im- 
proved by applying a time gate after each laser pulse. In 
this way, unwanted ions can be further suppressed yielding 
extreme purity of the final beam. 
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Fig. 1. The concept of the LIST method coupled to a gas cell catcher. 

The beam-quality improvements reached with the LIST 
open new possibihties such as in-source laser spectroscopy. 
For precise laser-spectroscopic studies, the width of the 
measured resonant spectral line should be as narrow as 
possible. The experimental width is a convolution of many 
effects adding to the intrinsic laser linewidth, including 
mainly the pressure broadening from collisions with the 
buffer gas, the power broadening from the lasers and the 
Doppler broadening due to the atomic velocity distribution. 
In the LIST case, the isolated atomic beams are obtained by 
supersonic adiabatic expansion in vacuum, which reduces 
the Doppler broadening substantially. Additionally, the gas 
density in the ionization region is too low to significantly 
contribute to the pressure broadening of the spectral line. 
While in some cases elements with large hyperfine struc- 
ture or large isotope shift can be studied inside the gas cell 
, the LIST condition creates a suitable environment 
for laser spectroscopy on a wider range of nuclei, comple- 
mentarily to standard ISOL systems making use of solid 
or liquid target /catcher systems. In those cases, the release 
properties can seriously reduce the efficiency for certain el- 
ements or for short-living nuclei. Here, the time restriction 
from the decay losses is only the evacuation time of the gas 
cell. Short-lived isotopes, with half-lives down to 100 ms, 
are suitable candidates for laser spectroscopy. 

In the present work, we studied the LIST performances 
in off-line and on-line conditions. The laser beams are sent 
either by a longitudinal or a transverse path with respect to 
the gas jet outside the cell. In the off-line conditions, laser 
beams ionize stable Co, Ni or Cu atoms evaporated from 
a filament located inside the cell. The suppression effect of 
unwanted ions is shown by monitoring the time profile on 
the arrival of mass-separated ions while applying different 
repeller voltages. Frequency scans of the first step laser for 
stable ^^Ni and ^^Cu in the gas cell and in the jet have been 
performed to compare the resonant linewidth in the differ- 
ent conditions. The evolution of the pressure broadening 
and the pressure shift in argon as a function of the argon 
pressure in the cell for the resonant 232.003 nm nickel line 
and the resonant 244.164 nm copper line were evaluated. 



Fig. 2. A top view of the single-chamber gas cell together with the 
SPIG in the LIST experiment. 
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Fig. 3. A top view of the dual-chamber gas cell (8) together with the 
SPIG in the LIST experiment. 

As a demonstration, the isotope shifts of 58,60,62,64]\j^ have 
been measured in the jet. In on-line condition, neutron- 
deficient Rh isotopes produced in fusion-evaporation reac- 
tion were successfully ionized in the LIST. 

2. Experimental set-up 

Two different gas cells were used for the LIST experi- 
ment. The experimental set-ups are shown in Fig. 2 and 
3 according to the cell type. The first cell, which is a 
single-chamber gas cell, is shown in Fig. 2. It was origi- 
nally used for heavy ion-induced fusion-evaporation and 
proton-induced fission reactions in on-line LISOL experi- 
ments (6). In the present test, it was used only for off-line 
measurements. The diameter of the exit hole was 1 mm 
and the gas pressure in the cell was fixed at 150 mbar of 
argon and 200 mbar of helium respectively. 

The second cell is the dual-chamber gas cell, shown in 
Fig. 3. A detailed description of this gas cell can be found 
in (j8|). Its main feature is the separation in two volumes: 
one for thermalizing the reaction products and the other 



for laser re-ionization. Due to a lower charge density in the 
re-ionization volume, electrical fields inside the gas cell can 
be applied using a potential Vic on the ion collector plates 
(Fig. 3). The diameter of the exit hole was 0.5 mm and the 
pressure of the cell can be increased up to 500 mbar for 
argon and 1000 mbar for helium. The maximum pressure 
in both cells thus depends on the size of the exit hole and 
the pumping capacity outside the cell. The dual-chamber 
gas cell was used for both off-line and on-line experiments. 
In the on-line test, an accelerated beam from the cyclotron 
impinged on a target which was tilted by 35 degrees with 
respect to the beam direction. The reaction products re- 
coiling out from the target are thermalized inside the stop- 
ping volume and then move to the re-ionization volume by 
a gas flow. 

The SPIG is located at the differential pumping region 
in front of the exit hole of the cell. This technique was orig- 
inally proposed for the ion transportation from the low- 
to high- vacuum regions while maintaining the beam qual- 
ity (13 j. The distance between the gas cell and the SPIG 
is adjustable. The six rods of the SPIG have a diameter 
of 1.5 mm, the length of the rods is 126 mm and the di- 
ameter of the inner circle of the ion guide is 3 mm. The 
voltage configuration consists of 3 parameters: SPIG Vrf 
(radio-frequency, typically 300 Vpp, 4.7 MHz), SPIG Vdc 
(superimposed to SPIG Vrf before being applied to the 
SPIG rods), and SPIG-end Vse- In order to see the laser 
ions which are produced inside the SPIG, a positive po- 
tential was applied to SPIG Vdc repelling unwanted ions 
coming from the gas cell. The SPIG-end Vse was given a 
negative or zero voltage. The acceleration voltage on the 
isotope separator is typically set at 40 kV. 

The optical system has been thoroughly described in 
Ref. (Q). It consists of two tunable dye lasers pumped by 
two XeCl excimer lasers. The maximum laser pulse repeti- 
tion rate is 200 Hz. Two-color, two-step schemes are used to 
ionize atoms through auto-ionizing states. Two laser paths 
to the LIST were used either in the longitudinal (LIST^) 
or in the transverse (LISTt) direction with respect to the 
atom beam. In the LIST/,, the lasers are introduced from 
the backside of the cell and pass through the exit hole and 
the SPIG. In the LISTt, the lasers come across the gas jet 
between the exit hole of the cell and the SPIG, perpendic- 
ular to the gas jet. The single-chamber gas cell was only 
tested with the LIST/,, while the dual-chamber gas cell 
was studied with both geometries. For atomic-spectroscopy 
studies, the intrinsic bandwidth of the first-step laser has 
been minimized to 1.6 GHz with etalon, starting from 4.5 
GHz in the second harmonic without etalon. 

A fraction of the laser beams is defiected into a reference 
cell, where an atomic beam of the investigated element is 
produced from a resistively-heated crucible. The pressure 
in the reference cell is 10 ~^ mbar. The laser beams ionize 
the atoms in a crossed-beam geometry and the obtained 
ions are accelerated towards a secondary electron multi- 
plier. This set-up is used to perform laser spectroscopy in 
vacuum. Furthermore, the wavelength of the first step tran- 



Table 1 

Experimental conditions for the gas cell, the longitudinal LIST^, and 
the transverse LIST^- Two voltage configurations, SPIG Ydc and 
IC(Ion Collector) Vic, are adjusted for the different conditions. 

SPIG Vdc (V) IC Vic (V) Laser path 



Gas cell 


-210 





longitudinal 


LISTi. 


+46 





longitudinal 


LISTt 





±40 


transverse 



sition is consistently monitored by a Lambdameter LM-007. 

In the present study, there are a number of limitations. 
First, when the lasers are sent through the gas cell (LIST^), 
the ionization region where the laser beams and the jet 
atoms overlap is restricted due to a limited laser-spot size 
determined by the diameter of the gas cell exit hole. This 
can be solved by sending the lasers from the other end 
through the isotope separator and the acceleration elec- 
trodes ([iqI ): it is however not possible with the current 
setup, as the dipole magnet has no window. The size of the 
exit hole being 1 mm or 0.5 mm in diameter, the ionization 
region will also be a cylinder of that dimension. This value 
is more than 6 times smaller than the original laser spot 
size and reduces greatly the overlap of the laser beam with 
the plume of atoms and thus the ionization efficiency. This 
limitation is not fully avoided even if sending the lasers in 
transverse geometry, where also the size of the expanding 
jet is larger than the laser cross section. 

Moreover, our present laser system is not ideal for the 
LIST as the maximum repetition rate of the pulsed lasers 
is 200 Hz. If the overlapped length in laser photons and 
jet atoms, in the longitudinal mode, is 50 mm and the jet 
velocity is 500 m/s, then 10 kHz repetition rate is required 
for at least one encounter between the laser photons and 
the atoms. Therefore the present setup reaches only up 
to 1/50 of the LIST capability. This is even worse in the 
transverse mode. Additionally, the laser bandwidth after 
frequency doubling is 1.6 GHz, which is considered wide 
for laser spectroscopy. Due to those limitations, the present 
work represents a feasibility study and not yet a report on 
a full- fetched facility. However, since this is expected to be 
a linear behavior, one can scale the measured efficiencies 
with this reduction factor of 50 in duty cycle to estimate 
the performance of the LIST mode. 



3. Results and discussion 

The different approaches used in this work are detailed 
in Table 1. The section is then divided according to the 
type of laser path used in the LIST: longitudinal (LISTi,) 
or transverse (LISTt). 
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Fig. 4. The time profile of Cobalt ions (^^00-*^+) transported via the 
SPIG and mass-separated (colour on-line). The laser pulse was fired 
at t=l ms. Different SPIG V^Zc voltages were used as indicated in the 
figure. The voltage polarity was applied positively to suppress ions 
from the gas cell. The delay between the laser pulse and the start of 
an ion pulse is 100 /isec. 

3.1. LIST using longitudinal laser ionization - LISTl 

3.1.1. Suppression of unwanted ions with the repeller 
voltage 

In order to suppress unwanted ions coming from inside 
the cell, a positive potential was applied to SPIG Vdc with 
respect to the cell. Fig. 4 shows the result of time-profile 
measurements of stable cobalt ions (^^Co^+) with different 
SPIG Vdc voltages. The gas ceh 'Ceh l\ shown in Fig. 2, 
was used. The mass-separated ions were counted by the 
Secondary Electron Multiplier (SEM) located one meter 
downstream from the focal plane at the end of the mass sep- 
arator. The laser pulse was fired at t=l ms longitudinally 
through the gas cell filled with Ar at pressure 150 mbar 
and passed through the 1 mm exit hole into the SPIG. The 
laser-repetition rate was 1 Hz, avoiding effects from previ- 
ous pulses. The SPIG-end Vse was fixed at —40^, the dis- 
tance between the SPIG and the exit of the cell was 2 mm. 

In Fig. 4, when the repeller voltage is V, the majority 
of the signal is made by ions ionized inside the gas cell from 
which they are continuously evacuated. When applying a 
positive SPIG Vdc voltage, most photo-ions from the gas 
cell are prevented from entering the SPIG. However even 
at 26 V, ions from the gas cell are still entering the SPIG 
due to the continuous collisions with the jet atoms. By in- 
creasing the voltage further, the ions coming from inside 
the cell are finally suppressed from entering the SPIG. Con- 
sequently, the remaining signal in the time profile comes 
from ions which are ionized only outside the gas cell and 
captured by the SPIG. Some counts also appear at t = 1 
ms in Fig. 4, produced by scattered laser photons entering 
the SEM. This contributes a few counts in total SEM sig- 
nals. The background of SEM without any lasers was nearly 
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Fig. 5. Partial atomic level diagram of Ni. Next to the wavelength, 
the log- ft (transition strength) is listed ([l9h . 

zero. The delay between the laser pulse and the start of an 
ion pulse was 100 /is, from which ~ 20 /is correspond to 
the time of flight of the ions through the separator; the re- 
maining 80 /is correspond to the transport time through the 
SPIG. The signals left over at longer time with the highest 
voltage {Vdc= 46 V) are ions that are delayed in the SPIG. 
The width of the remaining peak was about 88 /isec in Full 
Width at Half Maximum (FWHM). 

Similar results were also observed with He as the buffer 
gas at a pressure 200 mbar. The suppression voltage needed 
to observe the ion signal from the LIST mode was about 
20 V. 



3.1.2. Wavelength scans and the velocity evaluation of the 
gas jet 

One of the interests in the LIST mode is to study the 
feasibility of laser spectroscopy inside the gas jet for ex- 
otic nuclei. Therefore the resonant linewidth of a specific 
element has to be evaluated in the gas jet and compared 
to other conditions. The laser ion source at LISOL allowed 
for direct comparison of the resonant linewidth for stable 
isotopes in the following three circumstances: 1) inside the 
reference cell (vacuum, 10~^ mbar), 2) inside the gas cell 
(He or Ar with a few hundreds mbar), 3) inside the gas jet 
(LIST/^/LISTt). Frequency scans of the first step laser for 
stable ^^Ni have been performed and the resonant linewidth 
at those different locations is extracted. The partial atomic 
level scheme of Ni is given in Fig. 5. An efficient ionization 
path is used, starting from the ^F4 ground state via a tran- 
sition at Ai = 232.003 nm to the ^Gs intermediate level at 
43090 cm~^, followed by a transition at A2 = 537.84 nm to 
an auto- ionizing state. 

Fig. 6 shows the resonance of the first step transition 
under the three different conditions. In this measurement, 
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Fig. 6. Scan of the first step transition of Ni in three different lo- 
cations: in the reference cell (top), in the gas cell (middle), in the 
LISTj, (bottom), using 200 mbar helium as the buffer gas. A Doppler 
shift of 7.2 GHz is observed when ionizing in the jet, which corre- 
sponds to an atom velocity of 1663m/s. The solid line represents the 
best fit of a Voigt profile through the data points. 

the Cell I configuration (Fig. 2) was used with 200 mbar of 
helium as the buffer gas. The SPIG Vdc voltage was kept 
at +46V in the LIST mode. The result clearly shows a 
displacement of the resonance centroid acquired in the jet 
from that acquired in the reference cell or the gas cell. This 
displacement is caused by the Doppler shift of the moving 
atoms in the jet while they are ionized inside the SPIG. 
From this measurement, the jet velocity was deduced to be 
^ 1663 m/s using the displacement {u' — v) = +7.2 GHz, 
where v' is the resonance frequency of atoms in the jet and 
V is the resonance frequency for atoms in the reference cell. 

Table 2 shows the values of the centroid and the Full 
Width at Half Maximum (FWHM) of the resonance peak 
in those different locations. There are four components 
which should be convoluted in this resonance line. The 
first component is the intrinsic band width of the laser 
{/^laser - 1-6 GHz Gaussiau FWHM in this setup). The 



Table 2 

Comparison of the linewidth of Ni in different locations using He 
200 mbar as the buffer gas based on the data in Fig. 6. 

Ionization place Centroid (cm~i) FWHM (cm~i/GHz) 

Reference cell 43089.636 0.101(5) /3.03(15) 

Gas cell 43089.646(15) 0.211(33)/6.33(99) 

LIST^ 43089.875(14) 0.135(6) /4.05(18) 

second component is a laser power broadening Tpower 
(Lorentzian FWHM). This was a very important source 
of broadening; the laser power was therefore adjusted to 
a value as low as possible in all three cases while still al- 
lowing sufficient ionization to perform the measurement. 
The two other components are the Doppler broadening 
^Doppler (Gaussian FWHM) from the atom velocity distri- 
bution and the pressure broadening Tpressure (Lorentzian 
FWHM) from the surrounding gas. This last component 
grows linearly with the pressure as 



constant • Pressure, 



(1) 



where the constant depends on the atomic transition of in- 
terest. The overall resonance line is therefore a Voigt profile 
where the Gaussian and the Lorentzian contributions are 
given by 



Doppler 



and 



A = JAf 

V laser 

F — F + F 

-■- -■- power \ ^ pressure' 

The total FWHM is then given empiricahy by HO) 



FWHM = 0.5346 • F + \/0.2166 • r2 + A2. 



(2) 
(3) 

(4) 



In the wavelength scan for the evaporated atoms in the 
reference cell, the pressure broadening is negligible as high 
vacuum is reached inside the reference cell: F ^ I" power- 
This contrasts strongly with the gas cell where the pres- 
sure broadening is typically dominant contribution for the 
width of a resonance peak, that depends on the type of el- 
ement, electron transition and the amount of gas pressure. 
This pressure effect is evaluated by the resonance linewidth 
when the pressure is systematically changed. Additional 
remark in the case of the reference cell, the ionization is 
performed in a crossed-beam geometry, thus probing the 
atomic beam in a direction where the velocity is perpendic- 
ular; the Doppler broadening is thus negligible: A ^ Aiaser- 
As for the Doppler broadening in the case of the gas cell, the 
velocity of the atoms in the gas is subjected to a Maxwell- 
Boltzmann distribution. The velocity range depends on the 
mass, with a wider distribution for lighter masses. In the 
case of Ni, a simple calculation yields a velocity range of 
FWHM?^ 300 m/s in 200 mbar He as a buffer gas. This 
value broadens the peak by Ajjoppier ~ 2 GHz. 

In the case of ionization in the SPIG, the jet conditions 
are the most important. As the pressure in the entrance 
of the SPIG is already low, the pressure broadening is re- 
duced substantially. The main contribution to the FWHM 



Table 3 

Comparison of the linewidth of Ni in different locations using 500 
mbar of Ar as the buffer gas based on the data in Fig. 7. Most of 
the uncertainty comes from systematic effects of the laser power 
fluctuations and laser modes; it has been estimated to 0.005 cm"-*^ 
based on the fluctuations observed on the spectra of Fig. 7. 

Ionization place Centroid (cm~i) FWHM (cm~i/GHz) 

Reference cell 43089.636 0.064(5) /1. 92(15) 

Gas cell 43089.551(5) 0.215(5) /6.45(15) 

LISTl 43089.715(5) 0.087(7) /2.61(21) 

LISTt 43089.606(33) 0.108(15)/3.24(45) 

is therefore the Doppler broadening in addition to an in- 
trinsic band width and a power broadening of the laser. 

3.1.3. Pressure broadening of the nickel resonance line in 
argon 

In the gas ceh with an exit hole diameter of 1 mm, the 
maximum argon pressure of 150 mbar is limited by the 
pumping capacity of the system. With an exit hole of 0.5 
mm, the gas pressure can be increased up to 500 mbar. At 
this pressure, the broadening and the shift of the nickel res- 
onant line are large enough to be measured with the exist- 
ing laser bandwidth. Fig. 7 shows the wavelength scans of 
the first step laser in the three different locations. The de- 
duced FWHM values are given in Table 3 in the same form 
as in Table 2. The width of the resonance in the reference 
cell and in the jet (LIST/,) are the same around ~2 GHz. 
The signal from the gas cell filled with 500 mbar argon is, 
however, much broader (~6 GHz) and red-shifted by 2.5 
GHz relative to the resonance in the reference cell. Simi- 
larly to the case where He was used, the jet velocity was 
deduced by the displacement of the SPIG resonance peak 
and resulted in ^ 550 m/s. 

Performing similar comparisons at different argon pres- 
sures gives the evolution of both the pressure broadening 
and the pressure shift. The results are shown in Fig. 8 and 
9 for the resonant 232.003 nm nickel line and the resonant 
244.164 nm copper line. A pressure broadening of 11.3(6) 
MHz per mbar and a pressure shift of —5.5(3) MHz per 
mbar can be extracted for nickel; in the case of copper, a 
pressure broadening of 5.4 MHz per mbar is found and a 
pressure shift of -1.9(1) MHz per mbar. The difference be- 
tween nickel and copper highlights the importance of the 
electronic transition studied. 

3.2. LIST using transverse laser ionization - LISTt 

3.2.1. Suppression of unwanted ions with the collector 
plates (ion collector) 

The repeller voltage to suppress unwanted ions used in 
the longitudinal geometry cannot be used in the transverse 
geometry as the ions produced between the gas cell and 
the SPIG would all be repelled. Instead, a voltage (Vic) 
is applied to the ion collector inside the laser ionization 
chamber, as described in (j8|). 
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Fig. 7. The resonant linewidths of the first step transition of Ni in 
three different locations: in the reference cell (top), in the gas cell 
(second from the top), and in the gas jet with the lasers in the 
longitudinal LISTj, (second from the bottom), and with the lasers 
in the transverse LIST^ (bottom). The gas cell was filled with 500 
mbar of argon as the buffer gas. The solid line is the best fit of a 
Voigt profile through the data point. The dashed line is the best fit 
through the high-frequency half of the asymmetric resonance in the 
LISTt; the asymmetry is due to the high pressure gradient in the 
region close to the exit nozzle. 

This method can only be used with the dual-chamber 
gas cell pictured in Fig. 3. A voltage difference from —40 
V to +40 V is applied across the plates to collect the ions 
surviving the neutralization processes in the gas catcher 
and only an atom beam exits the cell. The ions are then 
produced between the gas cell exit and the SPIG, placed at 
a distance of 3 mm, and at the entrance of the SPIG, since 
the laser spot size is 5 mm. 

The performance of the ion collector depends on several 
parameters such as the collection efficiency of the ions and 
the ion production rate is discussed in (S). 

3.2.2. Overlap between the laser and atom beams 

Compared to the longitudinal mode inside the gas cell 
and based on a laser repetition rate of 200 Hz, a laser spot 
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Fig. 8. The evolution of the pressure broadening in argon as a function 
of the argon pressure in the cell for the resonant 232.003 nm nickel 
line and the resonant 244.164 nm copper line. Some data points are 
the average of several measurements. The solid lines are the best fits 
according to equations 1-4. 
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Fig. 9. The evolution of the pressure shift in argon as a function of 
the argon pressure in the cell for the resonant 232.003 nm nickel line 
and the resonant 244.164 nm copper line. Some data points are the 
average of several measurements. The solid lines are linear best fits 
going through the origin. 

size of 5 mm and a supersonic velocity in the Ar gas jet 
of 560 m/s, a reduction factor of 560 in duty factor is ex- 
pected in this transverse mode. This assumes that both the 
laser excitation and ionization steps are saturated. Exper- 
imentally, a reduction factor of 300(10) has been measured 
with ^^Ni+ ions from a filament, probably due to a larger 
laser-spot size than in the previous estimate. 

Another important parameter concerning the overlap of 
the two beams in this geometry is the velocity distribution 
of the atoms. With the increased distance between the gas 
cell exit and the SPIG, the atom beam diverges strongly; a 
simulated velocity distribution in the transverse direction 
is shown in Fig. 10. Such a distribution translates into a 
Gaussian profile in the optical resonance with a FWHM 
of 1 to 2 GHz. Convoluted with the laser lineshape, this 
contributes to the total broadening of the optical resonance; 
in the case of a gas catcher filled with 500 mbar of Ar, the 
estimated increase in broadening is 750 MHz. 
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Fig. 10. Simulated velocity distribution in the direction perpendicular 
to the atom jet in the area covered by the lasers between the gas 
catcher and the SPIG. The buffer gas in the gas catcher is Ar at 500 
mbar. This distribution contributes to the total broadening of the 
optical resonance by 750 MHz. 

3.2.3. Wavelength scans and the environmental conditions 
The optical resonance using the LISTt is shown at the 

bottom of Fig. 7. Its properties appear in Table 3. 

The broader FWHM in the LISTt can be partially ex- 
plained by the transverse velocity distribution previously 
discussed. However, some effects from the gas pressure 
could still play a role as there could be a pressure gradient 
close to the exit nozzle. This pressure gradient is also re- 
sponsible for the asymmetry and the shift of the resonance 
in the LISTt. 

3.2.4. On-line measurement 

The LISTt was used on-line with radioactive neutron- 
deficient ^^Rh isotopes produced in the ^^Ni(^^ Ar,lp3n)^^Rh 
reaction. In this heavy-ion reaction and using longitudinal 
ionization in the gas cell, the 70.6 s (4+) low-spin ground 
state is produced with 900(100) ions per fiC while the 
25.8 s (8+) high-spin isomer, more favored, is produced 
with 6000(100) ions per /iC. The 7 spectra in the different 
conditions are shown in Fig. 11. 

By comparing longitudinal ionization inside the gas 
catcher to transverse ionization in the LISTt, a reduction 
factor in efficiency of at least 700 is extracted from the 
/?-decay rates. This is more than in the case of stable ^^Ni 
although it is of a similar order of magnitude. This could 
be due to the difference in the laser effective spot size 
between those elements. 

On the other hand, the difference between the LIST mode 
with and without laser ionization is striking. The peaks 
are not visible anymore once the lasers are blocked while 
they are still clear with the laser ionization. Although the 
limited statistics only allows the extraction of a lower limit 
on the selectivity of 4, the real value that can be expected 
is much larger. 

In case of the neutron-rich isotopes produced in the 
proton-induced fission of ^^^U, another source of contami- 
nation is present through the deposits of neutral radioac- 
tive isotopes on the RF structure of the SPIG (8). The 
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Fig. 11.7 spectra in the decay of ^^Rh from to 500 keV. From top to 
bottom: longitudinal ionization inside the gas catcher; ionization in 
the LIST7-; background in the LIST mode without laser ionization. 
The spectra are normalized to a measurement time of 1500s. 

subsequent /3~ decay of these neutron-rich nuclei leaves 
the daughter nuclei in an ionic state, yielding possibly in 
the capture by the pseudo-potential of the SPIG. This 
could be a limit of applicability of the LIST concept for 
the neutron-rich isotopes. 

3.3. Laser spectroscopy in and around a gas catcher 

Laser spectroscopy in ion-sources has been already per- 
formed in both hot cavity ion sources (21) and gas catch- 
ers (0). The resolving power of each technique can be 
compared by analyzing the resonance linewidth in their re- 
spective type of ion source. In the case of in-source laser 
spectroscopy with a hot cavity (22) (23) (24), the resonance 
linewidth is the combination of the laser bandwidth with 
the Doppler broadening from the hot atomizer tempera- 
ture (typically 2500 K); in the case of in-gas-cell-laser spec- 
troscopy, the Doppler contribution is limited to that of 
room temperature (300 K) but the pressure broadening 
plays an important role. A simulation of the respective con- 
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Fig. 12. Simulated resonance linewidth of the copper transition at 
244.164 nm for in-source laser spectroscopy with a hot cavity as a 
function of the atomizer temperature and for in-gas-cell laser spec- 
troscopy at room temperature (with A/^^pp^er (300 K)) as a func- 
tion of the gas cell pressure for the typical working range of LISOL 
(colour on-line). A typical inherent laser bandwidth of 1.6 GHz is 
assumed in both cases. The typical running temperature for the hot 
cavity (ISOLDE, 2500 K ((2^- (24)) and for the gas cell are shown 
with dashed lines. The LIST operating mode is also shown (low tem- 
perature and low pressure) and the resolution is dominated by the 
total laser bandwidth. 

tributions in case of the copper transition at 244.164 nm 
is shown in Fig. 12. Even at pressures as high as 500 mbar 
of Ar, the resolution for laser spectroscopy in a gas cell is 
better than with a hot cavity. 

The resolution of both systems remains however limited. 
This limit is mostly lifted when working in the LIST mode 
with the gas cell as the ions are cold and not under the 
influence of the pressure anymore. In Fig. 12, the present 
resolution with the LIST mode is given when the typical 
inherent laser bandwidth of 1.6 GHz is assumed. The reso- 
lution is dominated by the laser bandwidth. A laser with a 
narrower bandwidth could improve the resolution although 
the velocity distribution in the gas jet has to be taken 
into account (e.g. Fig. 10). The reduction of the resonance 
linewidth in the LIST/, opens the possibility of further laser 
spectroscopic studies at LISOL. This is demonstrated by 
measuring the isotope shift of 58,60,62,64|^^ with either He 
or Ar as the buffer gas. Fig. 13 shows the result of the 
wavelength scans of the first step resonant transition for Ni 
at mass A = 58,60,62,64 in He. Although the linewidth 
of the transition is still wide, mainly because of the laser 
bandwidth and power, the isotope shift of Ni was observed. 

In order to relate the isotope shift to the changes in the 
mean-square charge radius, the electronic F-factor in the 
Field Shift (FS) and the Specific Mass Shift (SMS) have 
to be known. When isotope shifts have been measured for 
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Fig. 13. Wavelength scan of the first step resonant transition in Ni at 
mass A =58,60,62,64 with He as the buffer gas in the LIST^, (colour 
on-hne). SPIG Vdc = 20 V, SPIG position was 0.75 mm from the 
gas cell. Insert: isotope shift of the even- A nickel isotopes. 

the same isotopes using different transitions, it is possible 
to extract a relative measurement of those parameters us- 
ing a King plot. However, the uncertainty in our measure- 
ment is large in comparison with the limited contribution 
to the isotope shift of the nuclear effects. The linear relation 
yielding the relative information can therefore not be ex- 
tracted. The extraction of the changes in the mean-square 
charge radius is thus impossible with our current setup in 
this mass range. 

The Normal Mass Shift (NMS), one of the last con- 
tributions to the isotope shift, is indeed Su ^ 350 MHz 
per two mass units, see the insert in Fig. 13. This effect 
dominates the isotope shift and the FS, related to the 
changes in the mean-square charge radius, is buried un- 
derneath. The NMS and SMS become rapidly smaller as 
A increases while the FS increases with increasing Z; laser 
spectroscopy can therefore still be possible to determine 
the changes in the mean-square charge radius in heavier 
isotopic chains. Elements with large hyperfine parameters, 
like copper and bismuth, are good candidates for in-source 
laser spectroscopy to determine nuclear magnetic dipole 
moments (22) CM) (25.) . 

4. Conclusion 

The LIST coupled to a gas cell catcher has been studied 
at LISOL. The operational novelty of this method is rely- 
ing on element-selective resonant laser ionization of neutral 
atoms which is taking place inside the supersonic cold jet 
expanding out of the gas cell catcher. In this paper, some 
systematic studies have been performed with two different 
laser geometries, either longitudinal (LIST/,) or transverse 
(LISTx) with respect to the gas jet outside the cell. In the 
LIST/,, a suppression voltage was applied on the SPIG Vdc 
It follows that only photo-ions created inside the SPIG are 
sent to the mass separator; all other ions produced inside 
the cell are repelled. The needed suppression voltage was 
then found to be about 20V in He and 50V in Ar respec- 



tively. In the LISTt, an ion collector voltage was utilized 
inside the gas cell. The suppression capability has been 
firstly demonstrated with neutron-deficient ^^Rh isotopes 
produced in fusion-evaporation reactions. Although statis- 
tics was limited due to restrictions on the setup, this result 
shows that high selectivity is achievable. 

Another aspect arising from the LIST is the feasibility for 
in-source laser spectroscopy after a gas cell. This possibility 
is opened by the extremely low density and low tempera- 
ture inside the jet which makes the velocity distribution of 
the atoms nearly uniform, resulting in small pressure and 
Doppler broadenings. The resonance linewidth for the Ni 
isotopes at different locations was compared in terms of in- 
dividual effects contributing into one FWHM. In these re- 
sults, it can be found that the gas jet as an environment 
for laser spectroscopy is much more comparable to that of 
vacuum conditions, while inside the gas cell, the pressure is 
a crucial parameter for determining the resonance width. 
The broadening was evaluated to be 11.3 MHz/mbar for Ni 
and 5.4 MHz/mbar for Cu in Ar gas pressures between 60 
and 530 mbar. In addition, the jet velocity for the two types 
of buffer gas has been evaluated as 1663 m/s for He and 550 
m/s for Ar from the displacement of the resonance peak in 
the LIST/,. The possibility for isotope shift measurements 
with the stable even-A nickel isotopes was also demon- 
strated. For actual measurements of changes in the charge 
radius or magnetic moments of atomic nuclei, the FWHM 
of the resonance peak in the jet should be minimized for 
satisfying the demanded accuracy in either longitudinal or 
transverse approach. In the current setup, using a suitable 
laser system whose fundamental linewidth is typically 100 
MHz, a resolution of the order of at best 1 GHz can be ob- 
tained due to the Doppler broadening inside the gas jet. 
However, a dedicated optimization of the gas jet should al- 
low to further improve this resolution. Elements with large 
hyperfine parameters are still good candidates for ioniza- 
tion laser spectroscopy. Additionally this method will show 
a strong advantage for elements with slow release times 
or low release efficiencies in conventional ISOL systems as 
the gas flow transports all elements and decay losses can 
be minimized by fast evacuation of the cell volume. Spec- 
troscopy inside the gas cell is also achievable for isotopes 
displaying large hyperfine structures or isotope shift; care 
should therefore be taken in choosing the appropriate con- 
ditions maximizing the production (higher pressures) while 
minimizing the resonance linewidth (lower pressures). 

Certainly, for future applications of the LIST combined 
with a gas cell, the overlap efficiency between the laser pho- 
tons and the jet atoms is a determining factor. The effi- 
ciency comprises two parameters: the time overlap and the 
geometrical overlap. For the enhancement of the former 
part, a high repetition laser system is needed to achieve at 
least one photon-atom encounter. Then the expected repe- 
tition rate depends on the ionization length which is related 
to the geometrical overlap. If the jet is collimated enough, 
for example, for 10 cm without expansion, the needed rep- 
etition rate is 5 kHz for one encounter (for a jet velocity 



of 500 m/s). Pulsed lasers satisfying such a repetition rate 
are now commercially available. For getting such a narrow 
jet, some special nozzle for the exit hole of the cell or spe- 
cific pressure outside of the cell will be necessary (|26l )(27l). 
Finally, one should consider the losses associated to photo- 
ions produced in the gas cell and then repelled; such losses 
also appear in the vicinity of the exit hole when applying 
the suppression voltage between the SPIG and the cell exit 
hole. It can be minimized by sending the lasers from the 
other end of the beam line through the isotope separator 
and acceleration electrodes. Alternatively using the trans- 
verse approach with suppression voltage inside the cell is 
also suitable though a very high repetition laser is then 
needed. 
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